In order to evaluate effects of homogeneous low energy electron beam irradiation (HLEBI) on water absorption and hydrolysis suppression, the mass gain and loss of high strength polycarbonate (PC) dipped in boiling water after drying was obtained. Dipping for less than 5 © 10 3 s increased the mass gain ratio (C w ) for all PC samples, although remarkable mass gain could not be detected from 5 © 10 3 to 2 © 10 5 s. HLEBI with small dose from 0.04 to 0.13 MGy mostly suppressed the C w value for initial dipping time for less than 5 © 10 3 s. 0.04 MGy-HLEBI slightly enhanced the experimental saturated C w values at 10 4 s-dipping ( e C w ). Based on the Johnson-Mehl equation, the initial absorption index (n) for PC with and without HLEBE was approximately equal to 0.5, which was approximately equal to that of nylon6. Since esteratic sites attracted the water molecules in PC polymers, the water absorption can be explained. On the other hand, the small mass loss could be detected of PC dipped in boiling water for 10 5 s prior to drying, although that for 10 4 s could not be detected. HLEBI suppressed the mass loss, 40 +/¹ 20% smaller than that untreated, for PC dipped in boiling water for 2 © 10 5 s prior to drying. Since HLEBI probably cut off the >C=O bonds in aldehyde base in PC polymers. Based on the FT-IR (>C=O bonds) signals, the intensity of untreated PC polymer is more than 15.7% higher than that after 0.13 MGy irradiation. Thus, HLEBI suppressed the hydrolysis of PC.
Introduction
Polymers with lightweight, ductility, low cost and high productivity, as well as metals and ceramics, are materials, which are utilized for biomedical and electrical articles, as well as wear, automobile and architecture. Although the price (2500 Yen/1.0 mm © 1.0 mm © 2.5 mm on Feb., 2011, Tokyo) of high strength polycarbonate (PC) is expensive and is about 5 times higher than that of commercially used ABS resin, PC exhibits the high heat resistance (T g = 423 K), incombustibility, high elasticity and high impact value (84 kJ·m ¹2 ). Recently, stressstrain curves with yield phenomena, which shape is similar to plain carbon steels, have been observed for PC in our group. 1) The water absorption, which induces the softening of nylon6.
2) An influence of water absorption on expansion is a serious problem. The water absorption strongly depends on the mass transport, which is generally dominated by not only diffusion in matrix, but also mass transfer at interface. If the surface energy, related to polarization, polymerization, dangling bond and gas adhesion, can be modified, the mass and reaction rate of water absorption can be controlled. Since esteratic sites attract the water molecules in PC polymers, the water absorption can be expected.
The homogeneous low energy electron beam irradiation (HLEBI), which is convenient to generate the atomic scale defects in matrix at room temperature, is a useful tool to generate polarization 3) and sterilization, 4) as well as mistresistance for transparent polycarbonate of medical window. 5) Furthermore, since the treatment time is short (0.23 s/one time), HLEBI is the practical apparatous to improve the surface properties at room temperature. Firstly, the absorption ratio of water in nylon6 has been experimentaly confirmed to be controlled by HLEBI. 6) As shown in Fig. 1 , the hydrolysis usually occurs at the esteratic sites, since esteratic sites have attracted the water molecules in PC polymers, If HLEBI probably cuts off the weakest CO bonds at esteratic sites, HLEBI induced suppression of hydrolysis of PC can be expected. Therefore, the apparent influences of HLEBI on the water absorption and hydrolysis reaction of PC dipped in boiling water have been precisely investigated as a basic research. 
Experimental Procedure
2.1 Sample preparation and mass measurement for water absorption and hydrolysis The master material was polycarbonate dried for 10 h at 323 K. After heating for 6 h at 325 K to remove residual water molecule, samples (1 © 20 © 40 mm) are immersed in the distilled water for each time at 373 K for more than 24 h to accelerate the water absorption. The sample mass is measured by electric mass balance (Kensei-kougyou Ltd.) at different absorbing times till 2 © 10 5 s.
Condition of HLEB-irradiation
The sheet samples were homogeneously treated by the prototype equipment known as the electron-curtain processor (Type CB175/15/180L, Energy Science Inc., Woburn, MA), which was constructed with a vacuum chamber (240 mm in diameter under 10 ¹5 Pa) with a tungsten filament (215 mm length) and a thin titanium window (150 mm length, 150 mm width and 0.01 µm thickness), and sample treatment compartment with conveyer under 1 atm N 2 (g).
The sheet specimen was homogeneously irradiated with the electron beam through the titanium thin film window attached to the vacuum chamber. The tungsten filament in vacuum was used to generate the electron beam at a low energy (acceleration potential, V/kV), of 170 kV and irradiating current density (J/Am ¹2 ) of 0.089 Am ¹2 . Although the electron beam generation was in a vacuum, the irradiated sample was kept under protective 1 atm N 2 (g). The distance between sample and window was 35 mm. To prevent oxidation, the samples were kept in the protective 1 atm N 2 with an O 2 residual concentration below 400 ppm. The flow rate of the N 2 was 1.5 Ls ¹1 at 0.1 MPa of N 2 gas pressure.
Each sweep of irradiation dose (0.043 MGy (kJ·g
¹1
)) was applied for only a short time (0.23 s) to avoid excessive heating of the sample; the temperature of the sample surface remained below 323 K just after irradiation. The sample in the aluminum plate holder (0.15 © 0.15 m) was transported on a conveyor at a speed of 10.0 m min ¹1 . The sheet electron beam irradiation was applied intermittently. Repeated irradiations to both side surfaces of the samples were used to increase the total dose of irradiation. The interval between the end of one period of irradiation sweep and the start of the next was 30 s.
When the irradiation current (I/mA), the conveyor speed (S/m min ¹1 ), and number of irradiations (N) are determined, the irradiated dose (D/MGy) is expressed by the following equation.
The irradiation dose was controlled by the integrated irradiation time in each of the samples. Here, irradiation dose was corrected by using FWT nylon dosimeter of RCD radiometer film (FWT-60-00: Far West Technology, Inc. 330-D South Kellogg Goleta, California 93117, USA) with irradiation reader (FWT-92D: Far West Technology, Inc. 330-D South Kellogg Goleta, California 93117, USA). The dose was 0.0432 MGy at each irradiation. 7, 8) To obtain precise information on atomic-scale structural changes in the polymer, the density of the dangling bonds was measured by means of an electron spin resonance (ESR) spectrometer (JES-FA2000, Nippon Denshi Ltd., Tokyo). The microwave frequency range used in the ESR analysis was the X-band at 9.45 « 0.05 GHz with a field modulation of 100 kHz. The microwave power was 1 mW. The magnetic field was varied from 316 to 328 mT. The spin density was calculated by using a Mn 2+ standard sample. Only ESR spectra, instead of spin densities, are given. Based on the standard calibration material [4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPOL, 089-04191, Wako Pure Chemical Industries Ltd., Tokyo)] and Mn 2+ in the MnO, the density of dangling bonds is estimated by double integration of the intensity of ESR signal.
Electron spin resonance (ESR) analysis

Results
The mass gain ratio (C w /mass%) of absorbed water is expressed by a following equation.
Here, m o and m t are mass before and after dipping in boiling water. This type conditioning in boiled water is known as inducing accelerated ageing, therefore it is considered by the authors as the first relevant approach to check the efficiency of the previous material treatment. Figure 2 shows mass gain ratio (C w ) of PC with and without HLEBI against logarithmic dipping time in boiling distilled water at 373 K. As results, dipping for less than 5 © 10 3 s increases the C w value for all PC samples, although remarkable mass gain cannot be detected from 5 © 10 3 to 2 © 10 5 s. Although 0.13 MGy-HLEBI apparently raises the mass gain by water absorption from one to 10 4 s, HLEBI with small dose from 0.04 to 0.13 MGy mostly suppresses the C w value during boiling treatment for initial short time of 2 © 10 2 to 5 © 10 3 s. 
Discussion
Initial kinetic analysis
Based on statistics and experimental results, JohnsonMehl kinetic equation is used to apply to simple reaction. Moreover, the evolutions of the mass of water versus time (see Fig. 2 ) are obviously in favor of such a model. When the reaction index (n) and kinetic constant (k) are defined, the absorption ratio (X ) of water is expressed by a following equation. 9, 10) X ¼ 1 À exp½ÀðktÞ n ð 3Þ
When N o and N¨are mole fractions (N t ) before water absorption and after saturation, respectively, the absorption ratio (X ) of water is obtained by using a following equation.
To get the n and k values of eq. (3), the linear relationships is obtained by converting to the eq. (5). log 10 ½À lnðl À XÞ ¼ n log 10 t þ n log 10 k ð5Þ Figure 3 shows linear relationship between log 10 [¹ln(l ¹ X )] and log 10 t of water absorption in PC before and after HLEBI. The plots exhibit the high correlation coefficient. The slope and intercept values of the linear relationships in Fig. 3 correspond to the n and n log 10 k values, respectively. Based on the straight lines in Fig. 3 , the mean values of n and k are obtained by the experimental values of the plots. Although influences of end-and exothermic heat changes and precise detection of initial reaction on reaction index cannot be perfectly neglected, the main reaction can be determined for the whole reaction period.
In order to evaluate the precise changes in the initial reaction phenomena, the initial values are useful. When the saturated time assumes to be 10 4 s (see Fig. 2 ), the initial values of n (n i ) and k (k i ) are determined for initial reaction periods for less than 2 © 10 3 s. Figure 4 shows the identified reaction index (n) of water absorption in PC against HLEB-irradiation dose. Although the n i is 0.535 for untreated PC just after drying, n i for PC treated by HLEBI less than 0.33 MGy-HLEBI is 0.505 +/¹ 0.030, which was approximately equal to that of nylon6.
Since all n i values are approximately equal to 0.5, HLEBI cannot affect the rate-determining step in this initial reaction, which should not be so large difference.
On the other hand, the additional dose of 0.30 MGy-HLEBI remarkably increases the n i (0.580), resulting in mode change by radiation damage. Figure 5 shows changes in initial kinetic constant (k i : ) of water absorption in PC dipped in boiling water against does of HLEBI, together with the estimated initial constant (k i A: ), when all n i values are equal to 0.5. 0.13 MGy-HLEBI reduces the k i and k i , and then apparently suppresses the rate of water absorption.
On the other hand, the additional dose from 0.22 to 0.30 MGy increases k i and k i A. When the additional dose cuts the PC polymers by radiation damage, the atomic scale space should be formed by radiation damage. Since the space easily transports water molecules, the high k i and k i A for the additional dose from 0.22 to 0.30 MGy can be explained. 
Effects of Homogeneous Low Energy Electron Beam Irradiation (HLEBI)
Saturated value estimated of water absorption
In addition, to evaluate the calculated saturated C w value ( e C w ) of water absorption without hydrolysis (see Fig. 2 ), the mean n (n a ) and mean k (k a ) are determined for mass gain periods of less than 10 4 s. As shown in Fig. 2 , the dipping for long term decreases the absorbed rate for all samples. The end of mass gain reaction, that is, the saturation of water absorption of PC samples dipped in water for more than 10 4 s should be found. Furthermore, remarkable mass gain cannot be observed from 10 4 to 5 © 10 4 s. Figure 6 shows changes in experimental C w values at 10 On the other hand, 0.13 MGy-HLEBI also enhances the c C w value estimated, whereas additional dose from 0.22 to 0.30 MGy reduces the c C w value. Figure 4 also shows the reaction index (n a ) of water absorption in PC dipped in the boiling water against HLEBirradiation dose. Since the n a are 0.33 with and without less than 0.22 MGy dose of HLEBI, HLEBI up to less than 0.22 MGy dose cannot affect the rate-determining step in the whole reaction of water absorption, which should be the same reaction mode.
Additional dose of 0.30 MGy-HLEBI increases the n a (0.4), resulting in mode change by radiation damage. Since the atomic scale space easily transports water molecules, higher saturated values from 5 © 10 3 to 10 5 s for PC treated by 0.3 MGy-HLEBI can be explained, as shown in Fig. 2 . Figure 5 also shows changes in initial kinetic constant (k i ; ) of water absorption in PC dipped in boiling water against does of HLEBI. 0.13 MGy-HLEBI remarkably reduces the k a value, and then apparently suppresses the rate of water absorption.
On the other hand, the additional dose from 0.22 to 0.30 MGy increases k a . When the additional dose cuts the PC polymers by radiation damage, the atomic scale space should be formed by radiation damage. As the space can easily transport water molecules, increasing k a for the additional dose from 0.22 to 0.30 MGy can be explained.
Hydrolysis phenomena
The mass change phenomena from 10 4 to 10 5 s should be explained by not only water absorption, but also hydrolysis. To evaluate hydrolysis phenomena at more than 10 4 s, the mass loss ratio (C h /mass%) by hydrolysis is expressed by a following equation.
Here, m h is mass loss of the dried sample after dipping in boiling water. The drying for 6 h at 325 K is performed to remove residual water molecules inside. Figure 7 shows hydrolysis change in mass loss (mass%) of PC at 2 © 10 5 s of dipping water prior to drying to remove the water molecules against each dose of HLEBI, together with mass loss at 10 4 and 10 5 s. Although the mass change cannot be detected for 10 4 s, the mass loss can be obtained for 10 5 s. To evaluate the mass loss induced by HLEBI, dipping time in boiling water prior to drying is determined to be 2 © 10 5 s. As shown in Fig. 7 , the mass loss for 2 © 10 5 s is about 5 times higher than that for 10 5 s. HLEBI from 0.04 to 0.30 MGy controls the mass loss, and then probably suppresses the hydrolysis.
HLEBI suppressed hydrolysis of PC surface
Dangling bonds in polymers are often detected by electron spin resonance (ESR) signals. Figure 8 shows ESR signals of PC before and after HLEBI of 0.30 MGy, together with that for dipping in boiling water. Although ESR signal is not observed in PC before irradiation, 7, 8) ESR signal is remarkably observed in the 0.30 MGy-irradiated PC. HLEBI generates dangling bonds in the PC. Thus, it is possible to cut the inter-atomic bonding of PC molecules.
As shown in Fig. 1 , dipping in boiling water reduces the ESR peak height. When the terminated atoms with dangling bonds in polymers are bonded to water and other elements, the height reduces.
Since chemical bonding energy values are 366, 414, 378 and 742 kJ/mol for CC, CH, CO and >C=O, respectively, the weak bonds are CC and CO.
11)
When HLEBI cuts the inter-atomic bonds of the PC molecule, it is easy to break the CC and CO bonding at inter-monomer site to form the dangling bonds in PC polymer. Figure 9 shows FT-IR signals of PC before and after HLEBI (a) and its difference (b). HLEBI reduces the height of most peaks and then suppresses the light transmission of PC. When the remarkable negative difference of FT-IR peaks of an aldehyde base (>C=O) before and after HLEBI can be found at the wave frequency of water affinitive esteratic sites (see Fig. 1 ), hydrolysis occurs. Since HLEBI decreases the height, the hydrolysis suppression can be explained, as shown in Fig. 7 . Contrary to prediction related to bonding energy, HLEBI probably cuts >C=O bonds as well as CC and CH bonds. In addition, it is possible that the dipping in boiling water reduces the density of dangling bonds. Thus, HLEBI contributes to hydrolysis suppression.
Based on both FT-IR and ESR results, hydrolysis suppression as well as water absorption can be explained. As shown in Fig. 1 , the esteratic sites have attracted the water molecules in PC polymers. Thus, mass gain related to the water absorption from one to 10 4 s-dipping can be explained. Simultaneously, the hydrolysis usually occurs at the aldehyde base (>C=O), the mass loss of more than 10 5 s can be detected in PC untreated, as shown in Fig. 7 . When HLEBI probably cuts off the weakest CO bonds at the aldehyde base (>C=O), HLEBI from 0.04 to 3.0 MGy induces suppression of hydrolysis.
Conclusion
In summary, the mass gain and loss of high strength polycarbonate (PC) dipped in boiling water after drying was obtained to evaluate effects of homogeneous low energy electron beam irradiation (HLEBI) on water absorption and hydrolysis suppression.
(1) As results, dipping in boiling water at 373 K for less than 5 © 10 3 s increased the mass gain ratio (C w ) for all PC samples, although remarkable mass gain could not be detected from 5 © 10 3 to 2 © 10 5 s. Although 0.13 MGy-HLEBI apparently raised the mass gain by water absorption from one to 10 4 s, HLEBI with small dose from 0.04 to 0.13 MGy mostly suppressed the C w value for initial short dipping time of 200 to 5 © 10 3 s. 0.04 MGy-HLEBI slightly enhanced the experimental saturated C w values at 10 4 s-dipping ( e C w ). Additional dose from 0.13 to 0.30 MGy did not change the e C w , which were always higher than that without HLEBI. (0.0699 s ¹1 ), which was about 80% of that (0.0573 s ¹1 ) before HLEBI. Thus, 0.13 MGy-HLEBI apparently suppressed the rate of water absorption. (3) In order to extrapolate the calculated saturated C w value ( c C w ) of water absorption without hydrolysis, the mean absorption index (n a ) and kinetic constant (k a ) were determined by using C w values at less than 10 4 sdipping time. 0.13 MGy-HLEBI enhances the saturated C w values calculated by Johnson-Mehl equation ( c C w ), whereas additional dose from 0.22 to 0.30 MGy-HLEBI reduces the c C w value. Since the n a are 0.33 with and without less than 0.22 MGy dose of HLEBI, HLEBI up to less than 0.22 MGy dose cannot affect the ratedetermining step of the water absorption for less than 10 4 s-dipping time. (4) On the other hand, the hydrolysis generally occurred at the aldehyde base (>C=O) in PC polymers. Although the mass loss of PC dipped in boiling water for 10 4 s prior to drying could not be detected, the small loss could be detected for PC after dipping for 10 5 s prior to drying. Furthermore, the remarkable loss was 10 ¹1 and 6 (« 2) © 10 ¹2 mass% for untreated and irradiated PC dipped in boiling water for 2 © 10 5 s prior to drying, respectively. HLEBI suppressed the mass loss, which was 40 « 20% smaller than that of PC without HLEBI. Based on FT-IR and ESR results, HLEBI probably cut off the >C=O bonds in aldehyde base. Therefore, HLEBI suppressed the hydrolysis of PC.
